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We have used molecular dynamics simulations to investigate interaction of H2 molecules on the
exterior surfaces of carbon nanotubes sCNTsd: single and bundle types. At 80 K and 10 MPa, it is
found that charge transfer occurs from a low curvature region to a high curvature region of the
deformed CNT bundle, which develops charge polarization only on the deformed structure. The
long-range electrostatic interactions of polarized charges on the deformed CNT bundle with
hydrogen molecules are observed to induce a high local-ordering of H2 gas that results in hydrogen
liquefaction. Our predicted heat of hydrogen liquefaction on the CNT bundle is 97.6 kcal kg−1. On
the other hand, hydrogen liquefaction is not observed in the CNT of a single type. This is because
charge polarization is not developed on the single CNT as it is symmetrically deformed under the
same pressure. Consequently, the hydrogen storage capacity on the CNT bundle is much higher due
to liquefaction than that on the single CNT. Additionally, our results indicate that it would also be
possible to liquefy H2 gas on a more strongly polarized CNT bundle at temperatures higher than 80
K. © 2005 American Institute of Physics. fDOI: 10.1063/1.1929084g
In 1999, Ye et al.1 first reported an experimental finding
that bundles of single-walled carbon nanotubes sSWCNTsd
could absorb hydrogen in excess of 8 wt % at 100 bar and 80
K. This result satisfies the target of the Department of En-
ergy: namely that hydrogen fuel cell cars require a hydrogen
capacity of 6.5 wt % to match the range of a gasoline-
powered car. Ye et al.1 suggested that when individual
SWCNTs are separated at a pressure higher than 40 bar hy-
drogen is physisorbed on the exposed surfaces of the
SWCNTs. We now report another conclusion. In general, gas
molecules form a monolayer surface coverage on solids,2 as
proved by the well-known Brunauer–Emmett–Teller sBETd
theory of adsorption.3 When a surface is completely covered
with a monolayer of adsorbate, additional molecules are ad-
sorbed on the first layer of the adsorbate. However, the van
der Waals interaction energy of the solid surface with the
additional layers is negligible in comparison with the inter-
action energy of the molecules of the first layer, and it is
therefore difficult for additional layers to form. Conse-
quently, this BET theory indicates that the physisorption ca-
pacity of hydrogen at a constant temperature has no linear
relationship with the gas pressure.4 In other words, the hy-
drogen physisorption capacity initially increases as the gas
pressure increases, but then decreases. This phenomenon is
called supercritical adsorption.4 However, Ye et al.1 experi-
mentally showed that the hydrogen uptake capacity increases
almost linearly with the increased hydrogen pressures. In ad-
dition, Gao et al.5 reported that a single CNT with a cap
shows a H2 uptake capacity of less than 2.18 wt % hydrogen
at 77 K and 10 MPa. This begs the question of why a high
H2 uptake capacity can only be found in CNT bundles. We
therefore examine how hydrogen physisorption behaves on
various surfaces of different CNT structures, particularly un-
der conditions of high pressure and near liquid nitrogen tem-
perature.
To study how hydrogen molecules interact with the sur-
faces of different CNT structures, we used molecular dynam-
ics sMDd simulations with an isothermal-isobaric canonical
ensemble condition. A time step of 0.5310−15 s was chosen
to determine the equation of motions of atoms. The inter-
atomic forces between hydrogen and carbon are based on a
reactive force field sReaxFFd.6 We designed ReaxFF to re-
produce the bond distances, energies, and charges of B3LYP
sBecke three-parameter plus Lee–Yang–Parr functionald den-
sity functional theory sDFTd7 calculations for hydrocarbon
systems. As shown in several studies,6,8–11 the ReaxFF accu-
rately describes the breaking and formation of bonds, as well
as atomic charges in polarized systems. To account for the
van der Waals interactions between C–C, C–H, and H–H,
ReaxFF relies on a distance-corrected Morse potential fEqs.
s1d–s3dg, the fitted parameters of which have been reported in
detail by Nielson et al.11 By including a shielded interaction
fEq. s2dg, we avoided excessively high repulsions between
bonded atoms s1–2 interactionsd and atoms that share a va-
lence angle s1–3 interactionsd. These interactions are ex-
pressed as follows:
EvdWaals = Tap · Dij · HexpFaij · S1 − f13srijd
rvdW
DG
− 2 · expF12 · aij · S1 − f13srijdrvdW DGJ , s1d
f13srijd = FrijpvdW1 + S 1gvdWD
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4 + 1. s3d
The term Tap in Eq. s3d is used to avoid energy discon-
tinuity out of the nonbonded cutoff radius sRcut=10.0 Åd of
the ReaxFF. The terms in this polynomial were chosen to
ensure that the first, second, and third derivatives of the non-
bonded interactions to the distance were all continuous and
went to zero at the cutoff boundary. This force field can
therefore appropriately describe the weak van der Waals in-
teraction, even for a long range of up to 10.0 Å. In using
ReaxFF, we found that the physisorption energy of a H2 mol-
ecule on the exterior wall of a s5,5d SWCNT is
−1.23 kcal/mol, which falls in the physisorption energy
range s−0.2 to −2.0 kcal/mold on a graphene, calculated with
several methods: the second-order Möller-Plesset perturba-
tion theory; local density approximation, Slater exchange
plus Vosko–Wilk–Nusair correlation; generalized gradient
approximation, Becke exchange plus Lee–Yang–Parr corre-
lationd; and hybrid DFT sB3LYPd by Okamoto and
Miyamoto.12 As a result, we can rely on ReaxFF to ad-
equately explain the van der Waals interaction of hydrogen
molecules on the CNT wall.
To model the CNT bundle, we used seven s5,5d
SWCNTs with a gap of 3.4 Å between two of the SWCNT
walls. The gap is similar to the graphite interplanar distance.
In addition, to simulate how the H2 molecules interact with
the CNT bundle, we used 840 carbon atoms and 400 hydro-
gen molecules. On the other hand, we used a s10,10d
SWCNT to model a single SWCNT and a s5,5d at s10,10d
multiwalled CNT sMWCNTd to model a single MWCNT.
The box size for all the MD simulations was 70 Å370 Å
34.66 Å, and the periodic boundary condition was applied.
Because our simulation focused on the way H2 molecules
interact with the exterior surfaces of the nanotubes, we did
not explore how hydrogen molecules interact with carbon
atoms inside the tube. During the MD simulations, we ap-
plied the pressure hydrostatically.
Figure 1 shows the MD simulation results on the behav-
ior of hydrogen gas with a CNT bundle at 80 K and 10 MPa.
The H2 molecules physically adsorb on the surfaces of the
bundle at 2.5 ps with a monolayer coverage and then come
together with each other. The gathering degree of the hydro-
gen increases as the simulation time increases. At 27.5 ps,
the SWCNT bundle is distorted under a high pressure of 10
MPa. After 30 ps, a high local-ordering of hydrogen is ob-
served near the surfaces, indicating that the hydrogen lique-
fies. Furthermore, although not shown here, the total energy
decreases abruptly between 27.5 and 30 ps. The enthalpy is a
sum of the total internal energy for all the atoms and the
external energy of PDV, where P is the applied pressure and
DV is the volume change. Because the PDV term in our
simulation is negligible compared to the internal energy, the
enthalpy can be approximated to the internal energy. Conse-
quently, the predicted energy difference of 97.6 kcal/kg be-
tween 27.5 and 30 ps can be considered as the latent heat of
vaporization, which is consistent with the experimental value
of 108.0 kcal/kg.13 Ye et al.1 suggested that the CNT bundle
would expand under a high pressure and that the individual
SWCNTs should be separated. However, in our MD simula-
tion, the bundle does not appear to expand but rather to con-
tract, and no H2 molecule was adsorbed among the SWCNT
bundle. As shown by Lawrence and Xu,14 the resistance
measurement from a purified SWCNT bundle at room tem-
perature reveals that the bundle was compressed under a high
external pressure. This leads to a slight increase in conduc-
tivity when the pressure is increased. During the simulation,
we also observed no chemisorption of hydrogen gas on the
CNT surface. According to our DFT calculation,15 the chemi-
sorption reaction is endothermic by 18.4 kcal/mol, and its
high transition state barrier of 78.3 kcal/mol indicates that
there is a kinetic difficulty that may prevent chemisorption
from taking place. From these results, we conclude that the
increased H2 uptake capacity on the CNT bundle at 80 K and
10 MPa can be attributed to the liquefaction of the H2 gas.
Our results also account for other phenomena reported by Ye
et al.1 For instance, the kink that occurs at around 4 MPa and
the steep slope of the hydrogen adsorption isotherm at pres-
sures between 4 and 10 MPa. From the MD simulations, we
observe that the liquefaction of H2 molecules on the CNT
bundle occurs at pressures higher than 2 MPa at 80 K. At
pressures lower than 2 MPa, the H2 molecules are physically
adsorbed on the CNT bundle with a monolayer coverage. We
also investigated the hydrogen-adsorption behavior on the
CNT bundle at 300 K and 10 MPa. After 50 ps, the CNT
bundle and hydrogen molecules resemble their initial geom-
etries. The H2 molecules fail to penetrate the interstices of
the tubes but wander on the exterior surfaces of the tubes.
This phenomenon supports the experimental observation of
Laurence and Xu14 that the hydrogen adsorption capacity is
very low at 300 K and 10 MPa. They showed that only 0.6
wt % hydrogen molecules adsorb on the CNT bundle at 294
K and 10 MPa.
We also examined whether the liquefaction of H2 mol-
ecules can occur on a single CNT. Figure 2 represents MD
simulations of H2 molecules interacting with the surfaces of
a single SWCNT and a MWCNT at 80 K and 10 MPa. After
50 ps, no liquefaction of H2 molecules is found. In these
cases, the enthalpy change that signals a phase transition
from gas to liquid is not observed. Furthermore, Figs. 2scd
and 2sfd show that when H2 is about 2.9 Å from the CNT
surface in the early simulation period the H2 molecules ad-
sorb on the SWCNT and MWCNT surfaces with a mono-
layer coverage. As with the bundle, the CNT in these cases is
distorted under a high pressure. Moreover, because H2 mol-
ecules adsorb on the single CNT surface at 80 K irrespective
FIG. 1. Interactions of H2 molecules on the s5,5d SWCNT bundle surfaces
at 80 K and 10 MPa. They are obtained from MD simulations employing the
ReaxFF, where sad–sfd indicate snapshots at 0, 2.5, 25, 27.5, 30, and 50 ps,
respectively. The grey color represents carbon atoms while the white one
represents hydrogen.
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of pressures, H2 adsorption capacities on the single SWCNT
and the single MWCNT are computed to be lower than that
of the CNT bundle, which was proven by the previous
work.5
Remarkably, the liquefaction of H2 molecules occurs
only with a CNT bundle, and not with a single SWCNT or a
single MWCNT. Of all the MD simulation data on the inter-
actions of H2 molecules with single and bundle types, the
only noticeable difference occurs on the structures of the
CNTs distorted under a high pressure. The SWCNT bundle
deforms into oval shapes under high pressure, as shown in
Fig. 1sfd, while the shapes of the single SWCNT and
MWCNT structures are almost symmetrical, as shown in
Figs. 2scd and 2sfd. A recent DFT study16 showed that if the
SWCNT deforms into an oval shape the electron charges
transfer from a low-curvature region to a high-curvature re-
gion. This charge transfer on the SWCNT bundle develops
polarized charges on the CNT structures. Therefore, when
the CNT deforms into the oval shape, the electrostatic inter-
action between the polarized charges on the deformed nano-
tubes and the induced quadruple charge moments on the hy-
drogen molecules could result in a high ordering of hydrogen
molecules. In a single SWCNT and MWCNT, the phenom-
enon of the charge transfer is not observed due to the sym-
metrically deformed shapes. Thus, the local ordering of hy-
drogen is not observed. This finding has also been supported
by a study of Simonyan et al.,17 who used a grand canonical
Monte Carlo simulation to investigate the adsorption of hy-
drogen gas on the charged CNT. Their study showed that H2
molecules can be adsorbed on charged CNT surfaces due to
the interactions between the monopole charges on the CNT
and the induced charges on the H2. On the other hand, the
long-range electrostatic interaction between the dipole
charges on deformed SWCNTs and the induced quadruple
charge moments on the H2 is considered to be responsible for
aligning the adsorbed hydrogen along the locally ordered
CNT structures. This process eventually makes the hydrogen
molecules condense into a liquid state.
In summary, we observed an interesting phenomenon in
which hydrogen gas molecules transformed into a liquid
phase at around 80 K and 10 MPa on the surfaces of a CNT
bundle due to the long-range electrostatic interaction with
the deformed, oval-shaped CNT. Liquid hydrogen has good
potential as a hydrogen fuel for vehicular transport because it
has a high mass density s70.8 kg m−3d and is relatively safe.
Despite these advantages, the liquefaction of hydrogen is ex-
pensive and requires an intensive cryogenic process for cool-
ing due to the low condensation temperature s21.2 K at 1
bard.13 On the other hand, the high liquefaction temperature
of hydrogen at around 80 K on a moderately polarized CNT
bundle implies that H2 gas could be liquefied on a more
strongly polarized CNT bundle at the temperatures higher
than 80 K.
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FIG. 2. Interactions of H2 molecules on the single s10,10d SWCNT and the
single s5,5d at s10,10d MWCNT at 80 K and 10 MPa. They are obtained
from MD simulations employing the ReaxFF, where sad–scd are for the
SWCNT and sdd–sfd for the MWCNT. sad and sdd are taken at 0 ps, sbd and
sed at 10 ps, and scd and sfd at 50 ps. The grey and white colors represent
carbon atoms and hydrogen atoms, respectively.
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